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Abstract 

If monopoles catalyze nucleon decay, limits on the 

product of the monopole flux and the catalysis cross section 

may be placed from "astrophysical" considerations. We review 

these limits and discuss their reliability. 
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One of the most remarkable developments in monopole 

physics over the past few years has been the observation by 

Callan’ and Rubakov ’ that the monopole-fermion system opens 

a low-energy window to short-distance physics. In 

particular, they have demonstrated that for the massive 

magnetic monopoles expected in grand unified theories, 

mMz10’6 GeV, low-energy monopole fermion scattering could 

violate baryon number with a cross section on the order of a 

strong cross section. 

The non-conservation of baryon number in the presence 

of a monopole results in monopole “catalysis” of nucleon 

decay. The nucleon lifetime in the presence of a monopole is 

very short compared to the usual GUT proton lifetime of 

-103’ years. In the presence of a monopole, nucleons decay 

at a rate 3 

’ = “N”ABIv~ (1) 

where nN is the nucleon density, and oAB is the cross 

section for monopole nucleon scattering with concomitant 

nucleon decay. Since the rate is proportional to the nucleon 

density, the first guess for a place to look for an 

astrophysical effect is where the nucleon density is high. A 

good candidate for such a location is the interior of a 

neutron star. 
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Neutron stars are objects of roughly 1 solar mass (2 x 

1033 g) at nuclear matter density (p - 3 x 10 14 g cm-3).q In 

the neutron star the monopole converts the rest mass of the 

nucleon into relativistic particles, releasing 

rate 

LM = mN”N”ABIVI 

= 8.5 x 10'8 OolYl erg s -’ monopole -1 , 

where we have defined o. by 

o*B = o. 10 -27 ,& 

If catalysis proceeds at a strong rate, no G 1. 

The relative velocity appearing in eq. (2) 

energy at a 

(2) 

(3) 

is of the 

order 0.1 - 0.3, which is the Fermi velocity of the nucleons 

in the neutron star. One might naively expect f-or the 

exothermic decay reaction ‘AB - p1-‘, but it has been 

pointed out5 that the situation, at least for 1OW relative 

velocities, may be much more complicated. In this paper I 

will discuss limits on ooIyI for values of /VI from /vi-i 

(in neutron stars) to Iv[-~O-~ (in the earth). When 

comparing limits, it should be remembered that the direct 

comparison of limits for very different values of Iv1 may be 

dangerous. I should also note that catalysis of nucleon 

decay in neutron stars is closer to the “high-energy” regime 

where the calculations are more reliable than catalysis in 

detectors on earth where Iv1 _< 10~~. 



The total energy released by the monopoles in the 

neutron star is proportional to the number of monopoles in 

the star. A terrestrial monopole hunter doesn’t care about 

limits on the number of monopoles in neutron stars, but 

about the inferred limits on the galactic monopole flux. 

Unless there is some unexpected physics in the interior of 

neutron stars, the limit on the number in the star can be 

simply related to the monopole flux. Jeff Harvey discusses 

the possibility of unexpected physics in these proceedings. 6 

If we assume that all monopoles once captured by the 

neutron star are present (i.e. no M-V annihilation or 

ejection of monopoles6), the total number of monopoles in 

the neutron star is given by 

NM = nFMAc’f (4) 

where FM is the monopole flux, A, is the capture area of the 

neutron star, T is the age of the neutron star, and f is the 

fraction of monopoles incident on the neutron star which are 

captured. The capture area of the neutron star is larger 

than the geometrical area by a factor 

A 
2= 

1 + 2MNSG/v2R M NS 

ANS 
1-R 

s’Riis 
(5) 

24 x 10 5 (VM = 10-3) 
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“here MNS and RNS is the mass and radius of the neutron 

star, VM is the incident monopole velocity, and RS is the 

Schwarzschild radius of the star. The neutron star has M = 
NS 

1 solar mass, R NS 2 10 km, and the initial velocity of the 

monopole should be a typical virial velocity of low3 c. 

The initial monopole energy is E. = mvM2/2 = 5x109 

(m/1016 GeV)(vM/jOq3c)’ GeV. When the monopole hits the 

neutron star 7 , it will have been accelerated to the escape 

velocity of the neutron star, v esc - 0.3 c. If the monopole 

loses energy greater than Eo, it “ill eventually become 

trapped in the star. In scattering with electrons, the 

monopole suffers an energy loss of 

dE/dx m 4n2 (ne/ 

= 10" Iv 

where n e is the elec 

e)l’I * 
Cev cm-’ 

(6) 

ron densi ty (-lO36 cm-3), and p, is the 

electron Fermi momentum (-50 MeV). Therefore for [VI greater 

than escape velocity, the monopole will lose enough energy 

to become bound after traversing less than a centimeter. (It 

1s not necessary for the monopole to be camp letely stopped 

in the first pass through the star, as long as it has lost 

enough energy to become gravitationally bound .) In addition 

to energy loss in electron collisions, there are additional 

energy loss mechanisms of less importance, but still 

sufficient to capture the monopole. 8 Therefore we “ill 
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assume the fraction of incident monopoles captured by the 

neutron star f, is one. For f = 1, the number of monopoles 

in the neutron star is related to the galactic flux by 

NM = 5 x IO~'F,~ , (7) 

where we have defined F 
16 as 

F16 
= FM,,+ cme2 s-1 sr-' . (8) 

The luminosity of the neutron star due to monopole 

catalyzed nucleon decay will be 

LT = NM~M 

= 8.5 x lo’* NMcolvI erg 9 -’ monopole-’ 

= 4 x 1039 F16 ooIvI erg s 
-1 

. 

(9) 

We “ill now discuss ways of limiting the luminosity of 

neutron stars, hence placing limits on NMoolvI and F,~o~~YI, 

Old neutron stars should be quite numerous in the 

galaxy. Published estimates of the density of old (,-lo” 

years) neutron stars range from nx = ‘0-l to ni = 4 x ‘Oe3 

pc3.’ The HEAO II “Einstein” observatory is capable of 

seeing neutron stars with a luminosity of 103’ erg s-’ at a 

distance of 100 pc. Beyond 100 pc, absorption by the 
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interstellar medium prevents observation of a luminosity as 

low as 103’ ergs -‘. The surface density as low as old 

neutron stars within 100 pc is 

0 -u 0.4 (4x10::pc-~j deg-’ , (10) 

or about 1 neutron star every 2.5 Einstein pictures. There 

have been surveys of “serendipitious” sources which cover - 

50 deg2 of sky and see no “blank field” x-ray sources.” We 

may interpret this lack of observation as evidence that the 

luminosity of old neutron stars is less than 103' erg s-‘.” 

This limit is subject to two major uncertainties. If the 

number density of old neutron stars is an order of magnitude 

smaller than the lowest published limit, then an area of 50 

deg2 might only contain 1 or 2 sources. Therefore this limit 

is extremely sensitive to nx. The second problem is that the 

surveys might have discriminated against sources with photon 

energy as low as expected from a 30 eV blackbody (the 

temperature of a neutron star with luminosity of 103' 

ergs -’ ) . In order to answer these uncertainties a proposal 

has been made to perform a survey to cover a much larger 

area, and to look specifically for sources of low-energy 

photons.12 
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A second way to limit the luminosity of old neutron 

stars is to consider their effect upon the x-ray background. 

This was done in ref. 11 by using the Silk limit, which is a 

limit on the total power radiated during the lifetime of the 

neutron star. The limit P(E>0.2 keV)s6 x 10qg ergs over the 

lifetime of the neutron star results in a limit of Ly _< 2 x 

1032 erg s -1 on the luminosity of old neutron stars. A 

similar bound may be found by calculating the present UV and 

x-ray flux from the old neutron stars in the galaxy and 

comparing it to the measured background. This method was 

used in ref. 13, and resulted in a limit Ly _< 3 x 103O -73 

s-’ on the luminosity of old neutron stars. However, this 

calculation did not consider the absorption of the photons 

by the interstellar medium. Recently there has been a better 

14 measurement of the soft x-ray background . This observation 

is really four independent measurements of the flux in 

different energy bands, which in principle gives four 

independent limits on the luminosity of old neutron stars. 

This recent measurement has been used to limit the 

luminosity of old neutron stars after including corrections 

for absorption by the interstellar medium. 15 The limits 

found were LY ; 1.4 x 1032 erg s -1 I LY _< 9.7x103’ -1 erg s , 

Ly _< 1.8 x ‘032 erg s-‘, and Ly _< 5.6 x ‘O32 erg s-’ for the 

four energy bands measured. The above limits are limits on 

the total photon luminosities from the energy flux in 

different energy bands. Although the background limits are 
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not as good as the serendipitious limit, they are not as 

sensitive to n.+. The flux from the background sources, hence 

the luminosity limit, is linear in n,. If n, is a factor of 

10 smaller than expected, then the limit from the background 

is a factor of 10 higher, while the limit from the 

serendipitious sources may disappear altogether. 

The above limits are on the photon luminosity, and to 

obtain limits on the total luminosity, it is necessary to 

correct for neutrino emission. The relationship between the 

observed limit on the photon luminosity, and the inferred 

limit on the total luminosity depends upon the equation of 

state and the structure of the neutron star. In Figure 1. 

several examples of the conversion from photon to total 

luminosity are given. The curves na and .b are equations of 

state with pion condensates, while the curves BPS, PS, I, 

II, IIB, III, A, B are equations of state without pion 

condensates.16 For most models a lower photon luminosity 

results in a lower ratio of LT/LY. Most corrections have 

been made using the 71’ curve as the best model. Using the sa 

curve the limit from serendipitious sources, Ly _< 10~’ erg 

s-’ translates into a limit on the total luminosity of 1033 

erg s -1 . Using eq. (9) this results in the limits NMaolvI _< 

10’4 and F ,6~olvI _< 2.5 x 10~~. The limit from the 

background flux, LY : 10 32 erg s -’ translates into a limit 

on L T of 1O36 erg s-‘, or NM~ol~I _< 10’~ and F,6001~l _< 2.5 

X 10-O. With the prejudice that na is the best equation of 
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state, an improvement of an order of magnitude in Ly 

resulted in a difference of 10 3 in the flux limit. 

There is a window of vulnerability in the above 

arguments. If the catalysis proceeds quickly enough, the 

neutron star might be completely eaten in a time less than 

the age of the galaxy. l7 The rate of nucleon decay is 

RM = 8.5 x 1021~olv~ s-’ -1 monopole , (‘1) 

and the number of monopoles in the neutron star after a time 

t is 

NM = 2 x 10~ F16 t(sec) . (‘2) 

Therefore the number of nucleons that have been eaten in a 

time t is 

N = ,; RMNM dt 

= 8.5 x 10" F16~olvlt? 

where t is in seconds. The monopoles will eat 

star (N = 1O57) in a time 

(‘3) 

the neutron 

t *F$$q,!p years, (14) 
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Therefore if F 16”o~v/ ? 10-3, monopoles will eat the neutron 

star in an age less than the age of the galaxy, and limits 

on the luminosity of old neutron stars cannot be used to 

limit the monopole flux. 

There are several ways to close the window Of 

vulnerability. It is not at all clear that the neutron star 

Will sit around quietly as it is eaten. There should be an 

instability in the neutron star when its mass becomes less 

than about half its initial mass. This instability might 

result in a neutron star explosion. The details of this 

explosion have not been worked out, but it might be 

suspected that such events are ruled out. Another way to 

close the window of vulnerability is to look at known 

pulsars. 

There exist many nearby (d _< 100 pc) young (spin-down 

age - 10 7 years) pulsars that have limits on their 

luminosity. One such example is PSR 1929+10, which is a 3 x 

106 yr old pulsar at a distance of -60 pc, and a maximum 

luminosity of 3 x 103' erg 9-l. This pulsar has been used’* 

to limit 11 NMoolvl to be less than 3.5 x lo . For a neutron 

star of age 3 x 10 -4 
‘GALAXY? NM = lo 

17 
F16* This results in 

the limit F’6°01V1 ' 
-6 

2.5 x 10 . This limit is an order of 

magnitude less stringent than the serendipitious bound, but 

has several advantages. It is insensitive to the assumption 

of the number density of old neutron stars. For the va 

equation of state, there is negligible LT/LY correction for 
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this low luminosity. Finally it closes the window of 

vulnerability discussed above. It does depend on the assumed 

distance to the pulsar and the assumed age of the pulsar. In 

the analysis a distance of 60 pc was assumed, but a recent 

measurement has it as far away as 250 pc, ” in which case 

the limit on LY would be 5 x 103' erg s-l, which due to 

neutrino emission (using na) results in a limit of 5 x 1034 

erg s -1 . This results in the limits NMeolvl _< 6 x qO15, and 

F16001”l 2 4 
-2 x10 . The true distance to PSR 1929+10 is 

probably somewhere in between the above extremes. At any 

rate, there are several other “nearby” pulsars with similar 

luminosity limits, and the limits from known pulsars are 

more reliable than the limits from (unseen) unknown pulsars, 

and it is worth paying the price of having ~~~~~~~~~ fewer 

monopoles than in the old neutron stars. 

The observation of known pulsars is particularly 

interesting if we relax the assumption that the only 

monopoles in the neutron star have been accreted during the 

neutron star phase. It is believed that massive stars were 

the progenitors of neutron stars, and recent estimates of 

the number of monopoles captured in the pre neutron star 

stage is2’ NM - 1022P16, independent of the age of the 

neutron star. In this case, the limit NM~oj~I _< 3.5 x IO" 

from PSR 1929+10 results in F16eolvI _< 3.5 x lo-“. 



‘3 

Neutron stars are not the only condensed objects where 

monopole catalyzed nucleon decay might be important. If 

there were 4 x 10" monopoles in white dwarfs, the white 

dwarf luminosity would be about 103' erg s-l.” Remarkably, 

there are no observations of white dwarfs with luminosity 

below 103’ erg s-’ .22 This results in the limit F ,tj”ol”l ' 2 

x 1O-4.21 There are several uncertainties in the above 

arguments. It is yet to be demonstrated that M-M 

annihilations do not reduce the number of monopoles in the 

white dwarfs. Possible nuclear suppression factors have not 

been considered, and since the relative velocity of the 

monopole - nucleon systems may be small, and the interior of 

the white dwarfs contain spinless nuclei, there may be a 

suppression of 10-Z - 10-6.5 Finally if the interior of the 

white dwarf is hot enough, neutrino emission may increase in 

importance. However, the possibility of monopoles keeping 

white dwarfs hot is interesting, as it may answer the old 

astrophysical question “where are the dim degenerates?” 

There is another limit on monopole catalyzed nucleon 

decay from everyone’s favorite astrophysical object -- the 

earth.23 Monopoles in the earth release energy through 

catalysis at a rate 

LM = nN”olvl 

= 5 x 104 oolvl erg s 
-1 -1 monopole , (15) 

for p - 3 g cmW3. The limit on the luminosity of the earth 

L iB _< 10" erg S-‘, implies NMo~/vI _< 2 x 10’~. The number of 
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monopoles captured by the earth is given by eqs. (4) and (5) 

using the earth radius and mass: 

NM = trFMAcTfe 

= 2 x 102' F,gf@, (16) 

where f a is the fraction of incident monopoles captured in 

the earth. In neutron stars, f is 1, but in the earth only 

monopoles with velocities less than about 3 x 10 -5 (m/lo'6 

cevj-1 will be trapped23 , assuming dE/dx = 30 GeV cm 2 g-l 

BP, where g is the monopole velocity and p is the density in 

the earth.24 If the local flux of monopoles has a velocity 

typical of the galactic virial velocity, vH = JO-~, then p@ 

- 10 -6(m/1016 GeVle4. If the local flux of monopoles has a 

velocity typical of the escape velocity from the sun, vH = 

10-4 ( then fg = 10~~ (m/l016 GeV)-4. Therefore the limits 

from earth heat are23 

F16 oolvl 5 10-5/f@ 

< i0(m/10’6 GeV14 

- [ 

(v, = TO-~) 

10-2 (m/1016 GeVj4 (v, = 10-') . 

(17) 

A similar analysis has been done for Jupiter,23 with the 

result F,6~ol~I < 5 x 10 -3 for vM = loA - 10b4. Finally, it 

should be remembered that this limit may be susceptible to 

the low velocity suppression of the cross section. 
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The conclusions of the talk are given in Table 1. I 

think it would be worthwhile to repeat the uncertainties in 

the individual limits. It also should be remembered that 

quoted flux limits (except for the earth limit) are for 

typical galactic fluxes. If one believes the local flux is 

enhanced, it is necessary to make a correction to get the 

limit on the local flux. It is also dangerous to compare 

limits with different relative velocities. 

All neutron star limits have the uncertainty of 

possible M-R annihilations reducing the number of monopoles. 

All the neutron star limits have used the na equation of 

state to correct for neutrino emission. If one uses the sb 

equation of state, the LT/LY correction would be about 10 3 

for all the neutron star limits. The serendipitious limit is 

Very Sensitive to ny, and if n* is an order of magnitude 

smaller than expected, it is useless. The background limits 

are linear in n+ , but depend on absorption by the 

interstellar medium (ISM). The limit in ref. 13 did not 

correct for absorption, and the limit on LY is probably too 

severe. The limits from young neutron stars depend on 

estimates of their age and distance. The limit on the 

monopole flux if we include main sequence capture is very 

good, but it assumes an evolutionary history for the neutron 

star progenitor, it assumes that monopoles do not 

annihilate, and it assumes that monopoles were not expelled 

in the formation of the neutron star. The limit from white 
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dwarfs requires more work before the uncertainties are 

settled. The limits from the Earth and Jupiter are sensitive 

to the monopole mmass. If the mass is much larger than 1016 

CeV, it is harder to capture the monopoles, and the flux 

limit is relaxed. 

Terrestrial detection of monopole-catalyzed nucleon 

decay would be a remarkable discovery. It seems impossible 

in the near future if F 16’01~1 is much less than one. In 

Table I are several astrophysical arguments that suggest 

that F,6001~I is much less than one. Although there are 

uncertainties that might reduce any of the limits in Table I 

by a factor of 10 or so, it would seem unlikely that the 

independent astrophysical uncertainties conspire to remove 

all the limits to allow F 16’01’1 ’ ‘* 

I would like to thank Stirling Colgate, Jeff Harvey, 

David Seckel, and Michael Turner for many conversations on 

the subjects in this talk. This work was supported by NASA 

and the DOE. 
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Figure 1. The total (photon + neutrino) luminosity as a 
function of the photon luminosity. The different curves are 
for the different neutron star models discussed in ref. 16. 
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